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ABSTRACT 



Context. The Swift-XKF observations of the early X-ray afterglow of GRBs show that it usually begins with a steep decay phase. 
Aims. A possible origin of this early steep decay is the high latitude emission that subsists when the on-axis emission of the last 
dissipating regions in the relativistic outflow has been switched-off. We wish to establish which of various models of the prompt 
emission are compatible with this interpretation. 

Methods. We successively consider internal shocks, photospheric emission, and magnetic reconnection and obtain the typical decay 
timescale at the end of the prompt phase in each case. 

Results. Only internal shocks naturally predict a decay timescale comparable to the burst duration, as required to explain XRT 
observations in terms of high latitude emission. The decay timescale of the high latitude emission is much too short in photospheric 
models and the observed decay must then correspond to an effective and generic behavior of the central engine. Reconnection models 
require some ad hoc assumptions to agree with the data, which will have to be validated when a better description of the reconnection 
process becomes available. 

Key words. Gamma-ray burst: general; Radiation mechanisms: non-thermal; Radiation mechanisms: thermal; Shock waves; 
Magnetic reconnection 



1. Introduction 

Thanks to its precise localization capabilities followe d by 
rapid slewing, the Swift satellite dGehrels et al.l I2004I) can 
quickly - typically in less than two minutes after a Gamma- 
ray burst (GRB) tri gger - repoint its X-Ray Telescope (XRT, 
Burrows et al. 2005) toward the source. This achievement has 
helped to fill the gap in observations between the prompt and 
late afterglow emissions and revealed the c omplexity of the early 
X-ray afterglow dTagliaferri et alj l2005t iNousek et alj l2006t 
O'B rien et all 2006). Despite this complexity, the early steep de- 
cay that ends the prompt emission appears to be a generic be- 
havior, common to most long GRBs. During this phase, the flux 
decays with a temporal index a =; 3 - 5 (with F v cc r a ). It lasts 
for a typical duration Tesd ~ 10 2 - 10 3 s and is usually followed 
by the shallow or normal decay phases. 

The rapid gamma-ray light curve variability suggests that 
prompt emission ha s to be produced by internal mechanisms 
(ISari&Piranlll997l) . while the later shallow and normal de- 
cay phases are usua lly attributed to deceleration by the ex- 
ternal medium (e.g. iMeszaros & Reesl Il997h ISari et al.l [l99H 
iRees & Meszaros 1998). As the backward extrapolation of the 
early steep decay connects reasonably to the end of the prompt 
emission, it is often interpreted as its tail. It has moreover been 
shown that it is too steep to result from the interactio n with the 
external medium (see e.g. lLazzati & Be gelman 2006). 

One of the most discussed and natural scenario to ac- 
count for the early steep decay had been described by 
Kumar & Panaitescu (2000) before the launch of Swift. It ex- 
plains this phase by the residual off-axis emission - or high lat- 



itude emission - that becomes visible when the on-axis prompt 
activity switches off. This scenario gives simple predictions and 
several studies have been dedicated to check whether it agrees 
with observations ( s ee e.g . iLiang et al.ll2006HButler & Kocevsk" * 



nan 



| 2007[ IZhang et alJ 120071 lOinl l2008t iBarniol Duran & Kum 
2009). On the basi s of a realistic multiple pulse fitting ap- 
proac h proposed by iGenet & Granotl (120091) . IWillingal e et al.l 
(12010 ) confirmed that the observed temporal slope of the early 
steep decay can be well explained in this context, while the ac- 
companying spectral softening is (at least qualitatively) also re- 
produced. 

In this letter, we first discuss in Sect. [2] some constraints 
implied by the high latitude scenario on the typical radius R 
where the prompt emission ends. We then investigate in Sect 
if they are consistent with the predictions of the most discussed 
models for the prompt phase: internal shocks, Comptonized pho- 
tospheric emission, and magnetic reconnection. We summarize 
our results in Sect.|H which also presents our conclusions. 

2. Constraints on the prompt emission radius in the 
high latitude scenario 

The high latitude interpretation of the early steep decay con- 
strains the value of R y in two different ways: 
( i) The maximum possible duration of the high latitude emission 
depends on the opening angle 9 of the jet and is given by 



Ry6 2 

2c 



(1) 
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It has to be larger th an the total duration of the early steep decay , 
fesc which leads to dLvutikovl2006l;lLazzati & Begelmanf 2006) 

R > 6 10 14 (f E s D /100s) (0/0.1 rdr 1 cm . (2) 
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C ii) In a logarithmic plot where the the burst trigger is the origin 
of time, the high latitude emission has to behave as a power-law 
that smoothly connects to the end of the prompt phase with an 
initial decay index a ~ 3 - 5. 

After the prompt emission ends at R y , the high latitude (bolo- 
metric) flux recei ved by the observer has been derived by several 
autho rs (see e.g. iKumar & Panaitescull2000l : iBeloborodov et al] 
1201 lb . It takes the form 



Fbo\ oc\l + 



with 



fbursl 



1"HLE 



THLE - Ryl2V C , 



(3) 



(4) 



where T is the Lorentz factor of the emitting shell. In Eq. [3] 
fburst is the arrival time of the last on-axis photons, emitted at R y , 
and therefore corresponds to the duration of the prompt phase. 
The description of the flux given by Eq. [3]remains valid as long 
as a new emission component does not emerge leading to the 
shallow/normal decay phase of the afterglow. From Eq. [3] the 
initial temporal decay index of the high latitude emission equals 



t burst 
T"HLE 



(5) 



which implies that thle - fburst to reproduce the observations, 
yielding a new constraint on R y 



R y - R„ - 6 10 15 (fburst/10 s) (r/100) 2 cm. 



If conversely thle ^ fburst (or R y <K R*), the high latitude flux 
will experience a huge drop (by a factor of about (fbm-st/THLE) 3 
immediately after the prompt phase before recovering a slope 
a ~ 3 only after several fburst- 

It should be noted however that Eq.[3]and the discussion that 
follows assume that the emitting surface at R y has a spherical 
shape and that the emission is isotropic in the comoving frame 
of the emitting material. This is not necessarily true (see Sect. [3] 
below) so that the constraints given by Eqs. [2]|6] are only esti- 
mates that might be relaxed by a factor of a few, but certainly 
not by several order of magnitudes. We also note that the two 
constraints are compatible. 



3. Comparison with the emission radii predicted in 
different GRB models 

3.1. Internal shocks 



It has sometimes been argued ("e.g. lLvufikovll2006l Kumar et alJ 
2007 ) that the internal sho c k model (e.g. iRees & Meszarosl 
1994 iKobavashi et~aLlll997h iDaigne & Mochkovitchlll998l) is 
incompatible with the high latitude scenario. The underlying 
argument is based on the assumption that internal shocks take 
place at a typical radius Ris estimated from the shortest vari- 
ability timescale ? V ar,min observed in the prompt y-ray light 
curve. In this simplified context, the inferred radius R& =s 
6 10 13 (T/100) 2 (f V ar,min/0.1s) cm is much too small compared 
to the high latitude scenario constraints given by Eqs.|2]|6] 

However, observed y-ray light curves cover a wide range 
of variability timescales going from the shortest one f V ar,min to 
the longest one f V ar,max- The power density spectra of GRB light 
curves show that f V ar,max is much longe r than f va r.min and close to 
the whole burst duration fb urs t (see e.g. Beloboro dov et alfe OOO: 



iGuidorzi et al.ll20l2h . In the internal shock framework, the vari- 
ability timescales in the light curve reflect those of the relativistic 
outflow. The initial Lorentz factor must then vary on timescales 



tends from a minimum Ris „ 



2T 2 ct v . 



2T 2 ct v . 



which is very close to R t 



to a maximum 

2T Cfburst- 



This implies that the the high latitude emission of the last inter- 
nal shocks has a characteristic timescale thle — fvar.max ~ fburst, 
leading to a decay index a 3, in good agreement with XRT 
data. Internal shocks are therefore compatible with the require- 
ments of the high latitude scenario even in highly variable bursts. 

This result is illustrated by the synthetic GRBs shown 
in Fig. [TJ and [2] where the dynamics of internal shocks 
has been computed with the multiple shell model of 
Daigne & Mochko vitchl (Il998l) . The example in Fig. [TJ shows 
a mono-pulse burst (bottom left panel), either with (solid line) 
or without (dashed line) sub-structure. As seen from the initial 
distribution of the Lorentz factor (top left panel), the maximum 
variability timescale ? va r,max is the same in both cases but the 
shortest variability timescale f V ar,min is very different. The plot 
showing the location of the shocks (top right panel) clearly illus- 
trates how the final radius - and therefore the high latitude emis- 
sion - is governed only by f V ar.max- The decay of the flux at the 
end of the prompt phase (bottom right panel) is therefore very 
similar in both cases, with a steep decay index reaching a 3 
after a short and smooth transition. The example in Fig.|2]corre- 
sponds to a more complex light curve with three isolated pulses, 
where f V ar,max - fburst/3. The high latitude emission of each pulse 
is plotted as a dashed line. The final decay index of the total 



(6) light cur ve is a 9 before rea ching a 3 for f D b s ^ 2fb 



(see also iGenet & G ranot 2009). We checked that adding sub- 
structure on shorter timescales does not affect this result. As a 
last example, the 'naked burst' GRB 050421 is a good case of a 
GRB with a variable light curve followed by an early steep de- 
cay that was w ell observed by th e XRT because of its especially 
long duration (Godet et al. 2006). This burst was modeled in de- 
tail by Hascoe t et al. ( 201 lb . The prompt emission is associated 
with internal shocks and the high latitude e mission is in excelle nt 
agreement with XRT data (see Figure 2 in Hasc oet et al.ll201 lk 
We conclude from this analysis that the internal shock model 
naturally reproduces the XRT early steep decay phase in the high 
latitude scenario. We note that the value of a discussed above 
can be affected by two additional effects : (i) a spectral effect 
when the flux is integrated in a relatively narrow band (as in the 
case of Swift-XRT). The expected temporal decay slope is then 

can be 



larger than one; ( ii) an emission that is alread y anisotropic in the 



2 + where the spectral slope (3 (F v 

dyj 

como ving frame of the emitting material (e.g. Belobor odov et al.l 
120111) . Finally, we limit our discussion to the bolometric flux for 
simplicity. If the peak energy of the spectrum radiated by the 
last internal shocks is above the spectral range of the XRT (i.e. 
above 10 keV), the peak energy of the high latitude emission 
crosses the XRT range, l eading to spectral evolu tion during the 
early steep decay (see e.g. lGenet & Granotl2009l). This evolution 
is seen in many XRT observations (Zhang et al . 2002b. 



3.2. Photospheric emission 

In photospheric models, the evolution of the high latitude 
flux is more complex than for a simple flashing sphere - the 
last scattering region has a finite width and is not spheri- 
cally symmetric (with the last scattering radius in creasing with 
latitude). However, a d etailed calculation (e.g. iPe'erl [2008; 
Belo borodov et alJl201 ll) shows that the characteristic initial de- 
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Fig. 1. Early steep decay from high latitude emission in the internal shock framework. Two examples of synthetic GRBs with 
a smooth (dashed line) or a highly variable (solid line) light curve. Top left: initial distribution of the Lorentz factor in the flow as 
a function of injection time f,„ ; - (a short timescale (0.5 s) fluctuation of the Lorentz factor is added to produce the variable burst). 
In the two cases, the injected kinetic power is constant; Top right: shock radius (smooth light curve case: thick line; variable light 
curve case: thin line) as a function of observer time, showing that the maximum values reached by the emission radius, i.e. R y , are 
comparable in the two cases; Bottom: bolometric light curve on either a linear (left panel) or logarithmic (right panel) scale. The 
high latitude contribution is very similar for both the smooth and variable light curves. 



cay timescale remains thle - Ry/2F 2 c, where R y is now the 
photospheric radius R p h for on-axis photons. In the case of a 
"classical" non dissipative photosphere, j? Dn is given by (e.g. 
|Piranlll999UDaigne & Mochkovitchl2002h 



R ph ~ 6 10 1Z (£ iso /10 52 erg s" 1 ) (T/100)^ cm , 



where E[ so is the isotropic equivalent kinetic power in the out- 
flow, leading to 



thle 



1(T 2 (£ iso /10 52 ergs-'Mr/lOO^s 



(8) 



For standard values of the parameters thle <k ?bui-st, so that the 
early steep decay cannot be explained by high latitude emis- 
sion. Reducing the Lorentz factor at the photosphere to T ^ 20 
can increase R p h to an acceptable value but one is then con- 
fronted with a drop in the photospheric luminosity even be- 
fore Mhe_Jri£h_Jatitudee^ T 8 ' 3 , 
e.g. lMeszaros & Reesll2000l:lDaigne & Mochkovitchl2002l) . The 
same conclusion holds (as R p h remains very close to the value 
given by Eq.|7]) 

in models where a dissipative process is invoked at the 
photosphere to transform the seed t hermal spectrum into a 
non-thermal Band spectrum (see e.g. iRees &Meszarosl 12005: 
lBeloborodovl2010h . 

In photospheric models, the early steep decay must therefore 
be directly produced by a declining activity of the central en- 
gine. This implies that a physical mechanism, common to most 



GRBs, governs the late activity in a generic way, in contrast to 
the diversity of the prompt gamma-ray light curves, which also 
reflect the activity of the central engine. 



3.3. Magnetic reconnection 



Gamma-ray burst models where the prompt emission comes 
from magnetic reconnection are still at an early stage of devel- 
opment and do not offer the same level of prediction as the two 
other families of models discussed above. 



In a first situa ti on in vestig ated by Drenk hahn (2002), 
iDrenkhahn & Spruitl d2002l) . and iGianniosj d2008l) . the prompt 
emission is produced by a gradual reconnection process that be- 
gins below the photosphere and extends above. The dissipation 
process typically ends at a radius R 10 13 cm, which remains 
too small for the high latitude s cenario. In the model proposed by 
iMcKinnev & Uzdenskvl(l2012l) . reconnection remains inefficient 
below the photosphere before it enters a rapid collisionless mode 
at /?diss ~ 10 13 - 10 14 cm and catastrophically dissipates the mag- 
netic energy of the jet. This radius range becomes compatible 
with the high latitude scenario for GRBs of duration f D uist — Is 
but is still too small for most long GRBs. However, there are re- 
maining theoretical uncertainties about the dissipation rate, and 
future calculations may predict a larger radius for the end of the 
reconnection process. 
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A full electrom a gnetic model was proposed by 
iLvutikov & Blandfordl (2003) where the energy is dissi- 
pated at large radii 10 16 cm) when the interaction of an 
electromagnetic bubble with the shocked external medium 
becomes significant and current instabilities develop at the 
contact discontinuity. In this model, the gamma-ray variability 
is generated by the emission of "fundamental emitters" that 
are driven (by the dissipative process) into relativistic motion 
with random directions (some kind of relativistic turbulence) in 
the frame of the main outflow, which is also highly relativistic. 
Different authors have tentatively computed the expected 
bolom et ric light curv e s: in t he exa mples presented byl Lvutikov 
(120061) . lLazar et al.l (120091) . and iNaravan & Kumarl (120091 
the high latitude contribution smoothly connects to the end 
of a highly variable prompt phase. These results however 
require some degree of adjustment between different dynamical 
parameters. It is a priori decided that R y T 2 ct\, wsl - which is 
not an intrinsic consequence of the model, in contrast to what 
happens with internal shocks. 

Finally, in the model of IZhang & Yanl (I20TT1) . a self- 
sustained magnetic process is triggered by prior internal shocks 
that are inefficient (because of a high degree of magnetization) 
but leave the magnetic field lines entangled. Some "dynami- 
cal memory" of the shocks is conserved and the conclusions of 
Sect. 13.11 basically apply. However, the details of the physical 
mechanisms involved in this model remain to be clarified and 
quantified. 

4. Conclusion 

The results of this letter emphasize the importance of the steep 
decay phase revealed by Swift observations of the early X-ray 
afterglow. An attractive way of explaining this phase is to sup- 
pose that it is produced by the high latitude emission of the last 
contributing shells. We have shown that this assumption leads to 
strong constraints on the radius R Y where the prompt emission 
ends. In particular, the associated timescale, thle ~ R y l2cT 2 
must be comparable to the burst duration fburst to guarantee that 
the high latitude contribution is correctly connected to the end of 
the prompt light curve. We have then checked whether these con- 
straints are satisfied by different models for the prompt phase, 
namely internal shocks, Comptonized photospheric emission, 
and magnetic reconnection. 

- Internal shocks naturally fulfill the condition thle ~ fburst 
even in highly variable bursts, as the radius of the last shocks 
is governed by the longest variability timescale, which is on 
the order of *burst- 

- Conversely, in photospheric models thle <k fburst, since the 
photospheric radius is typically several orders of magnitude 
smaller than the radius of internal shocks. The only way to 
produce the observed decay is then to suppose that it corre- 
sponds to an effective behavior of the central engine, which 
moreover should be common to most GRBs. 

- In magnetic reconnection models, satisfying the constraints 
on R y might be possible but is not naturally expected. It still 
requires the ad hoc assumption that R y ^ r 2 c?burst, which 
will have to be justified when a better description of the re- 
connection process becomes available. 
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